bacterial communities along the entire small and large intestine. We also explored the 23 impact of common experimental variables, including the parasite batch and pre-infection 24 microbiome, on the outcome of helminth-bacterial interactions. This work provides 25 evidence that helminth infection reproducibly alters intestinal microbial communities -with 26 an impact of infection noted along the entire length of the intestine. Although the exact 27 nature of helminth-induced alterations to the intestinal microbiome differed depending on 28 the parasite batch and microbiome community structure present prior to infection, changes 29 extended well beyond the introduction of new bacterial species by the infecting larvae. experimental and technological methodologies employed to investigate helminth-43 microbiota interactions and well has natural variation in the starting microbiome 44 composition and/or worm genetics. We conducted a thorough study in which the 45 reproducibility of helminth-induced alterations of microbial communities was determined 46 and impact of common experimental variables -such as the starting microbiome and 47
Introduction 54
The eradication of helminths from developed regions constitutes a major achievement 55 towards the improvement of human health and continued efforts to lower the burden of 56 infection in endemic areas remain essential. Yet intestinal helminths have inhabited the 57 intestine of mammals throughout evolution and are highly likely to have interacted with, 58 and impacted on, the complex bacterial communities present at this site (1) . The 59 eradication of helminths is also thought to contribute to the increased incidence of immune 60 disorders, including allergy and autoimmunity, observed in developed societies (2, 3) . The 61 mammalian host and its common intestinal inhabitants -including helminths and bacteria -62 form a complex ecosystem, and the disruption of one of these partners may have 63 important implications for the other players of the ecosystem and ultimately for human 64 health. Indeed evidence is arising indicating that interactions between helminths and 65 bacteria do occur and that these interactions can impact on the mammalian host to shape 66 the host immune response (4, 5) . Although the hypothesis that intestinal helminth infection 67 impacts on the mammalian intestinal microbiome is generally accepted, the impact of 68 intestinal helminth infection on the human intestinal microbiome has only been 69 investigated in a small number of studies, and studies using veterinary animals or 70 experimental models have yielded contrasting results. These differences are to be 71 expected as the field has been hampered by difficulties characterizing the intestinal 72 microbiome as a result of strong inter-individual variations not only in humans but also in 73 inbred mice (6) . Past studies have also employed a wide array of helminth parasites, host 74 species, and sampling sites and utilized diverse technologies to characterize the 75 microbiome (1), making cross study comparisons difficult. 76
77
Many of the experimental studies have utilized the natural murine parasite, 78
Heligmosomoides polygyrus bakeri (Hpb), which has a strictly enteric life cycle that is 79 similar to the one of trichostrongyloid parasites affecting human and livestock (7) (8) (9) . 80
Experimental infection with this parasite occurs via oral gavage of infective larvae from 81 laboratory cultures. Following gavage the larvae penetrate the intestinal epithelium in the 82 upper part of the small intestine and reside in the intestinal outer muscle layer of the 83 intestinal wall (10) . Here the worm matures into its sexually mature form in a process that 84 includes two successive moults at days 3-4 and 8-9 post-infection. It finally exits the host 85 tissue and establishes itself as an adult worm in the lumen of the small intestine, where it 86 can survive for months (11, 12) . Hpb infection triggers a highly polarized type two immune 87 response characterized by the production of IL-4, IL-5 and IL-13 cytokines, proliferation ofIgE and IgG1 producing B cells and mucus secretion (13, 14) . Increased smooth muscle 89 contractility together with increased epithelial cells secretions favor the eventual expulsion 90 of adult worms from the intestinal lumen in a combined mechanism that is commonly 91 referred to as the "weep and sweep" response (15) 92
93
To date seven studies have investigated the possible interaction between Hpb and the 94 intestinal microbiome (4, 5, (16) (17) (18) (19) (20) . The first of these used a method based on the 95 generation of 16S clone libraries and Sanger sequencing to investigate the impact of 96 infection of the bacterial communities and reported higher proportions of Lactobacillaceae 97 in the ileum of infected mice (16) . A later study, using real-time PCR and culture-based 98 methods, reported differences between infected and non-infected mice in the bacterial 99 communities residing in the ileum, the cecum and the colon at two weeks post infection 100 (17) . Another study using qPCR and Sanger sequencing reported the association of Hpb 101 infection with the abundance of the bacterium Lactobacillus taiwanensis in the duodenum 102 of susceptible C57BL/6 mice but not resistant Balb/c mice. These authros also reported 103 that administration of L. taiwanensis to resistant Balb/c mice resulted in higher worm 104 burdens, suggesting that L. taiwanensis promotes helminth infection (18) . More recently, 105 using high throughput sequencing of the bacterial 16S gene, our own group reported that 106
Hpb infection leads to long-lasting impacts on cecal bacterial communities which are 107 maintained following fecal transfer (4). These findings were confirmed by a later study 108 using a similar method and fecal transfer but focusing on the colonic bacterial communities 109 (19) . Lastly, Hpb infection has been shown to provide resistance against Bacteroides 110 vulgatus outgrowth in Nod2 deficient mice through a mechanisms involving host type two 111 cytokine production(5). Of note, Hpb excretory/secretory products were recently described 112 to exert anti-microbial activity, raising the possibility that direct helminth-bacterial 113 interactions may take place (20) . Taken together these observations endorse the view that 114 intestinal helminths can and do impact on the microbiome, but indicate that the outcome of 115 helminth-microbial-host interactions may be variable. considered as different communities and may show significant differences including in 154 term of virulence (11, 21) . To test the impact of distinct parasite batches on helminth-155 induced microbial changes, we assessed the impact of two distinct batches of worms on 156 the same microbiome by performing a large experiment in which all mice were subjected 157 to 'normalization' of the 'starting intestinal microbiome' by mixing beddings between cages 158
and randomizing mice once a week for four weeks prior to infection (Fig 1) . Normalization 159 of the microbiome is necessary as mice bred in the same facility demonstrate inter-cage 160 variations (6). Mice were then sacrificed at day 40 post infection and the bacterial 161 communities in the duodenum, jejunum, ileum, cecum, colon, and feces evaluated by high-162 throughput sequencing of the v1-v2 hyper-variable regions of the bacterial 16S rRNA gene 163
as described in the Materials and Methods section. Statistical evidences that infection with 164
Hpb affected the composition of the bacterial communities were found at multiple intestinal 165 sites, both in the mucus and in the luminal content (Fig 2) . These evidences were 166 reproducibly observed using both batches of Hpb, either in the mucus or the lumen of the 167 duodenum, the jejunum, the cecum and the colon, but not in the ileum (Fig 2) . 168
Interestingly, no statistical evidences were observed in the feces with neither of the two 169 batches of worms (Fig 2) . In addition, infection with batch a larvae led to a higher diversity 170 in the cecum lumen while infection with batch b larvae led to a higher diversity in the 171 colonic lumen, as shown in term of species richness ( Fig 3A) and Shannon diversity index 172 (Fig 3B) . 173 174 Beyond these differences, a PCoA analysis highlighted that bacterial communities tend to 175 cluster according the sampling site rather than infection, with the ileum clearly separating 176 from the rest of the samples (Fig 3C) . This indicates that although helminth infection can 177 alter bacterial communities, the niche provided by distinct intestinal sites plays a more 178 important role in determining community structure, with the ileum forming a particularly 179 unique environment as compared to the rest of the intestine. Differences in the proportionsof individual bacterial species between Hpb infected and non-infected mice at each 181 sampling site along the intestine notably involved members of the Lachnospiraceae, 182
Clostridiaceae, S24-7, Lactobacillaceae, Ruminococcaceae and Peptostreptococcaceae 183 families, a member of the class Clostridia as well as members of the Allobaculum, 184
Bifidobacterium, Ruminococcus, Sutterella and Turicibacter genera (Fig 4) . Finally, the 185 relative abundance of some bacteria were found to be significantly (p<0.05) altered across 186 all studies in response to infection (Fig 5) . Most strikingly, a member of the 187
Peptostreptococcaceae family was found in higher proportions in the intestinal mucus 188 layer of infected mice at all sampling sites along the intestine independently of the larvae 189 batch used to infect the mice (Fig 5A and Fig 5C) . By contrast, a member of the 190
Bifidobacterium genus was found in lower proportions in both intestinal mucus and lumen 191 at all sampling sites in mice infected with larvae from batch a, but was not detected in mice 192 infected with batch b larvae ( Fig 5A and Fig 5B) .
Membesr of the Allobaculum and 193
Turicibacter genus's were found in higher proportions in the intestinal lumen of all infected 194 mice, regardless of larval batch used (Fig 5B and Fig 5D) . 195
Taken together these data demonstrate that infection with a small intestinal helminth, Hpb, (Fig 6) . By necessity the experiment also employed the use of a new batch of 216 parasite larvae (batch c) as Hpb larvae only maintain viability for a period of 8-12 weeks. 217
As expected major differences were found between bacterial communities from the mice 218 employed for exp. 1 (Hpb-1) and exp. 2 Hpb-2 (Fig 7A) . Notably, 510 identified OTUs were 219 not shared between these two groups (Fig 7B) . 220
Statistical evidences for an alteration of the microbiome were found in the lumen of the 221 duodenum and in both the mucus layer and the lumen of the ileum, the cecum and the 222 colon ( Fig 8A) . As seen in exp. 1, a PCoA analysis revealed that intestinal site rather than 223 infection status has the largest impact on bacterial communities structure, with the trend 224 for a clear separation of ileal samples being repeated (Fig 8B) . Similarly to infection with 225 larvae batch a in exp. 1,a higher bacterial diversity (measured by the Shannon diversity 226 index) was observed in the lumen of the cecum in infected mice (Fig 8D) . In contrast to 227 exp. 1 however, Hpb infection resulted in a lower diversity, both in terms of richness (Fig  228   8C ) and Shannon diversity index (Fig 8D) , in the ileum mucus . Differences between Hpb 229 infected and non-infected mice at each sampling site along the intestine notably involved 230 members of the Lachnospiraceae, S24-7, Rikenellaceae, Ruminococcaceae and 231
Peptostreptococcaceae families, two OTUs respectively assigned to orders Clostridiales 232
and Coriobacteriales, an OTU assigned to class Clostridia, members of the 233 Ruminococcus, Turicibacter, Escherichia and Sutterella genera as well as Ruminocuccus 234 gnavus ( Fig 9A) . As for exp. 1, some bacteria were found significantly (p<0.05) and 235 consistently increased or decreased by the infection across all sampling sites (Fig 9B and  236   Fig 9C) . Strikingly, the same bacterium belonging to the Peptostreptococcaceae family 237 that was consistently seen in higher relative abundance in the intestinal mucus layer of 238 infected mice from exp. 1 (Fig 5A and Fig 5C) , was also seen consistently higher in both 239 the mucus layer (Fig 9B) and the lumen (Fig 9C) of infected mice in exp. 2, with the 240 exception of the ileal mucus layer where its relative abundance was lower (Fig 9A) . In 241 addition, a member of the Clostridiaceae family was found in higher proportions in both 242 intestinal mucus and lumen of infected mice at all sampling sites except the ileal mucus 243 layer, where its relative abundance was lower (Fig 9) . As seen in mice infected with larvae 244 from batch b in exp. 1, an OTU assigned to genus Turicibacter was observed to be 245 consistently less abundant along the intestinal lumen in infected mice from exp. 2 (Fig 9) . 246 Also, a member of the Lachnospiraceae family together with a member of the genus 247 Sutterella were seen in higher proportions in the lumen at all sampling sites except in the 248 ileum (Fig 9) . 249
Helminth-induced alterations to the bacterial microbiome extend well beyond the 251 introduction of new bacterial species by the parasitic larvae. 252
Nematodes are known to carry their own microbiome (24, 25) and Hpb is hatched from 253 laboratory cultures of feces harvested from infected mice and containing parasite eggs 254 (11). We therefore assessed the possibility that bacteria observed in higher proportions 255 within the intestine of infected mice were simply carried there from infecting larvae. To 256 address this question we characterized the microbiome of the same batch of Hpb larvae 257 Turicibacter and Clostridiaceae (Fig 10A-B) . Of note Peptostreptococcaceae 259212 was 261 not present in the Hpb larvae batch c, showing that the effect of Hpb infection on the 262 abundance of this bacterium -which was noted across all experiments performed -was 263 not due to it's introduction into the host by the parasite. 264
265

Discussion 266
The results of this study showed that infection with a small intestinal helminth, Hpb, can 267 consistently and significantly alter bacterial microbial communities throughout the mucous 268 layer and intestinal lumen of the small and large intestine. The use of a large set of mice 269 with a 'normalized' microbiome and infected with two distinct batches of helminth larvae 270 provides unequivocal proof that helminth infection can alter the intestinal microbiome. The 271 finding that both the microbiome starting point and the parasite batch employed leads to 272 important differences in the exact nature and site of microbiome alterations is likely to 273 explain, at least in part, why previous studies of helminth-bacterial interactions have 274 reported diverse outcomes. These data highlight the need to carefully control all 275 experiments investigating helminth-microbiome interactions and the difficulty in comparing 276 data generated across different laboratories or even within the same laboratory at different 277
times. 278 279
The contribution of parasite batch to variability in helminth-induced microbial alterations 280 likely arises from genetic variations resulting from the sexual life cycle of these complex 281 organisms, however they may also arise from differences in the microbiome associated 282 with the infective larvae. Major differences were also observed in the 'starting' microbiomeof mice sourced at different times from the same provider, also introducing variability to the 284 data obtained. However, in spite of these variables we found that Hpb infection 285 consistently altered the community structure of bacteria found in the mucous and luminal 286 compartments of the cecum and colon. Alterations also occurred within the small intestine, 287 however the exact compartment affected varied between experimental conditions. In terms 288 of diversity, infection resulted in differences across all experimental conditions but these 289 were smaller and less consistent than alterations to community structure. Of note, 290 variations in bacterial communities along the intestinal tract were poorly reflected in the 291 feces, suggesting a greater stability of the microbial composition in the feces compared to 292 the intestinal tract. This observation emphasizes that a particular attention should be given 293 to sampling site in the study of microbiome. Based on this observation in mice, we further 294 hypothesize that the changes in fecal bacterial composition observed in human after 295 helminths clearance may reflect an even more dramatic change occurring within more 296 distal sites of the intestine. 297
298
Although we highlight that different microbiome 'starting points' can lead to different 299 responses, metagenomics has shown that a particular niche within the microbiome can be 300 occupied by several species and that communities with different species composition can 301 display more similarity in terms of metabolic functions (26) . Therefore, the metagenomic 302 approach used in the present study may fail to capture a more robust impact of Hpb 303 infection at the functional level, a view supported by the previous finding that Hpb 304 consistently leads to higher levels of bacteria-derived SCFAs within the cecum (4). We 305 also consistently noted a higher proportion of a member of the Peptostreptococcaceae 306 family following Hpb infection. This was observed along the entire length of the intestine 307 and across varying experimental conditions. The fact that Hpb larvae did not harbor any 308
Peptostreptococcaceae at the time of the infection rules out the possibility of co-inoculation 309 and indicates that bacteria already present in the host intestine increased in abundance in 310 response to infection. However this observation was only possible because the bacteria in 311 question was already part of the microbial communities prior to infection and may not 312 occur in experiments using mice from other facilities. The Peptostreptococcaceae family 313 (order Clostridiales) includes six described genera which members were isolated from 314 various environments ranging from human and animal microbiome to swine manure and 315 deep-sea hydrothermal vents (27) . Of particular interest, this family of bacteria has been 316 described as anaerobic and produces acetate as a product of fermentation. This raises the 317 possibility that the promotion of Peptostreptococcaceae species outgrowth by Hpb may 318 contribute to the previously observed high SCFAs levels during Hpb infection. The 16S 319 rRNA based phylogeny of the Peptostreptococcaceae family has been subject to 320 remodeling and several species of Clostridium have been included into this family in the 321 database of the Ribosomal Database Project (RDP). Based on the alignment of the 16S 322 rRNA gene representative sequence for the Peptostreptococcaceae seen in the present 323 study (OTU 259212) to the NCBI 16S database with BLAST, the phylogeneticly closest 324 identified match was Romboutsia timonensis strain DR1 (with only 91% similarity). 325
Altogether, the exact taxonomy of this Peptostreptococcaceae remains unclear in the 326 current state and further characterization (first requiring isolation from the mouse gut) 327 would be necessary in order to understand the possible role of this bacteria within the 328 helminth-associated microbiome and to identify possible mechanisms promoting its 329 outgrowth during Hpb infection. 330
331
In conclusion, this work provides conclusive evidence confirming the hypothesis that 332 intestinal helminths can impact on the mammalian intestinal microbiome. Our work also 333
indicates that helminth-induced changes can occur at regions distal to the parasite site of 334 infection and extend well beyond the introduction of new bacterial species carried-over by 335 the infecting larvae. These findings provide impetus for further studies investigating the full 336 impact of helminth-microbial interactions on host health, and determining the molecular 337 mechanisms by which helminths alter microbial communities. 338 339
Materials and Methods 340
Ethics statement 341
All animal experiments were approved by the Service de la consommation et des affaires 342 vétérinaires (1066 Epalinges, Switzerland) with the authorization number 2238. 343
Mice 344
Four weeks old female C57BL/6 wild-type mice were purchased from Charles River 345 Laboratories (France), and housed in specific-pathogen-free (SPF) conditions at the EPFL 346 Hpb L3 infective larvae were generated in the laboratory by Manuel Kulagin and Luc 351 Lebon based on previously described methods (11) Briefly, feces from infected mice were 352 mixed with charcoal and water and incubated at 26°C for one week. The larvae were 353 recovered using a modified Baermann apparatus and washed with saline. Larvae were 354 then incubated for 4 to 6 hours in an antibiotic saline solution containing 5 mg/ml 355 enrofloaxin (injectable Baytril, Bayer), 2 mg/ml amoxicilin and 0.2 mg/ml clavulanic acid 356 (injectable Co-amoxi-Mapha 2200, Mepha Pharma). Larvae were finally washed in saline 357 and stored at 4°C until infection. 358
359
Analysis of intestinal bacterial communities 360
Bacterial communities were assessed by high-throughput sequencing of the v1-v2 hyper-361 variable regions of the bacterial 16S rRNA gene as previously described ( (28), following 362 the basic protocol "Bacterial 16S rRNA sequencing for bacterial communities present in 363 intestinal contents of mice, or from fecal samples collected from mice or humans"). 364
Samples were processed in nine sequencing runs on an Illumina MiSeq platform using 365 Paired End (PE) v2 2x250 chemistry. The sequences were processed using scripts from 366 the Quantitative Insight Into Microbial Ecology (Qiime) v1.9.0 pipeline (29) . Briefly, 367 sequences were trimmed to remove bases showing a Phred quality score lower than 20 368 using the Seqtk software. Forward and reverse reads were then merged using the 369 join_paired_ends.py script from Qiime (which implements the fastq-join algorithm), setting 370 a minimal overlap of 100bp and allowing a maximal alignment mismatch of 10%. Sample 371 demultiplexing was done using the split_libarries_fastq.py script from Qiime. In addition, 372 reads were truncated at first 3 consecutive bases showing a Phred quality score below 20 373 and the resulting sequences were discarded if truncated by more than 25% of their length. 374
Reads containing more than 2 N (unknown) nucleotides or were discarded. Reads were 375 finally clustered at 97% similarity and mapped to the GreenGene (30) database as 376 described previously (31) . The computation was performed using the clusters of the Vital-it 377 center for high-performance computing of the Swiss Institute of Bioinformatics. Sequences 378 that were not assigned to any taxonomy were discarded. Samples showing less than 379 5,000 observations were also discarded. The final distribution of samples among 380 experimental groups is describe in Table 1 
Data analysis 388
Data analysis was performed using Genocrunch (https://genocrunch.epfl.ch). Differences 389 between bacteria communities at each sampling sites in Fig. 2 and Fig. 6 .A were assessed 390 at the species level using the Adonis method based on the Jaccard index. Venn diagrams 391 representing significant changes (p<0.05) in individual OTUs across sampling sites were 392 generated in R (32) . Rarefaction at the depth of 5,141 observations per sample was 393 applied prior to all analysis with the exception of Fig. 4 and Fig. 7 , where rarefaction depth 394 was adapted individually for each sampling site to maximize discovery of bacteria affected 395 by the worm infection ( Table 2 
below). Differences in individual OTUs proportions and 396
diversity between infected and non-infected mice were assessed by ANOVA. OTUs 397 named in Fig. 4 and Fig. 7 .A were selected based on the following criterion: OTUs were 398 first scored based on statistical differences between infected and non-infected groups 399 across sampling sites. Briefly, for each sampling site, a score was assigned (p<0.001 = 3, 400 0.001<p<0.01 = 2, 0.01<p<0.05 = 1, p>0.05 = 0) and the overall score was calculated as 401 the sum across all sampling site. OTUs showing consistency in fold-change sign at least 402 across five sampling sites together with an overall score higher than five where selected. 403 404 
